The study assessed the effect of jatropha, linseed, eucalyptus, neem and jojoba oils on protection of three wood species (Acacia nilotica, Dalbergia sissoo and Pinus wallichiana) against termite attack by Odontotermes obesus. Conditioned and pre-weighed blocks of each wood species were vacuum-pressure impregnated with a 15% concentration of the oil-ethanol solutions. Resistance of treated and untreated wood against termites was tested under laboratory as well as field conditions using choice and no-choice tests. Oil treated wood showed significant reductions in weight loss compared to control treatments. Complete termite mortality was recorded for all oil treatments except eucalyptus oil. Linseed oil showed good results in each treatment in terms of feeding resistance as well as mortality of termites followed by neem, jatropha, jojoba and eucalyptus oil. The lower weight losses were found in both choice and no-choice field tests for linseed oil treated Dalbergia sissoo while untreated Pinus wallichiana sapwood had the greater weight loss. It was observed that the oil retention was significantly more in sapwood than in heartwoods. The retention of oils justified that wood with high oil retention showed more resistance against the termite except eucalyptus oil treatment of Pinus wallichiana.
INTRODUCTION
A number of developing countries especially Pakistan, have experienced the disastrous earthquakes in 2005 and recently in 2013.These earthquakes have oriented towards use of houses constructed with wood to limit casualties (Haseeb et al. 2011 (Nouman et al. 2006, Bargali and Bargali 2009) .
Termites are abundant in Pakistan with 53 species. Of these 13 are now reckoned pests of agriculture, buildings and forestry (Hassan et al. 2018) . The magnitude of termite damage has not been enumerated, however, a survey indicated that >50% of the population had little knowledge about termite damage and its economic effects, particularly in areas effected by earthquakes (Iqbal et al. 2016) . Several house infesting termite species have been documented in these areas. For example, a distant report mentioned that Heterotermes indicola (Wasmann) was more abundant in Bagh and Poonch, which were epicenters of earthquake jolts (Shakoor et al. 1991) . Until recently, Odonototermes obesus (Rambur) was the only species infesting wooden structures in residential areas and caused huge losses (Aihetasham and Iqbal 2012) . Presently, H. indicola, Coptotermes heimi and Microcerotermes longignathus have become the dominant species in urban ecosystems (Manzoor and Mir 2010 , Hassan et al. 2017 , Hassan et al. 2018 , Hassan et al. 2019a ).
Preservatives and wood treatment processes have extended the strength and resistance of wood against insects and fungi (Hassan et al. 2016 , Hassan et al. 2019a , Hassan et al. 2019b . Waterborne, oil-borne and light organic solvent preservatives (LOSPs) are most commonly used chemical preservatives (Freeman 2008, Freeman and Mclntyre 2008) . There are certain drawbacks of these chemical preservatives that includes strong odors, handling problems, painting difficulties, skin irritating for the workers, toxicity to non-target organisms and flammability (Edlich et al. 2005, Townsend and Solo-Gabriele 2010) . Considering these limitations of such preservatives, another approach to protect wood is the use of hydrophobic plant/vegetable oils that are less toxic to non-target organisms and environment.
Oils of numerous plants have been tested against termites and wood decay fungi (Clausen and Yang 2008, Laredo et al. 2015) . Hemp oil , linseed and neem oil , Paajanen and Ritschkoff 2002 , Kartal et al. 2006 , Temiz et al. 2013 , Fatima and Morrell 2015 , clove oil (Ahmed et al. 2013 ) and castor bean oil (Ahmed et al. 2014) , all have the potential to protect wood from termite and fungal attack. Plant oils can be antimicrobial, antioxidant, antifeeding or repellent to termites as well as other invertebrates (George et al. 2014) . One property of some oils, besides their toxicity, is ability to transfer a toxicant deep into the wood (Ahmed et al. 2013 , Ahmed et al. 2014 , Fatima and Morrell 2015 . Current study evaluated five plant-derived oil (Linseed, jatropha, jojoba, neem and Eucalyptus oil) as wood preservatives. Some oil such as linseed have no or little biological activity. However, jatropha, jojoba, neem and Eucalyptus oil have been reported to have toxicity, antifeedant activity and repellency against many insects including termites (Batish et al. 2008 , Singh and Sushilkumar 2008 , Boateng and Kusi 2008 , Manzoor et al. 2012 , Himmi et al. 2013 , Shafiei Alavije et al. 2014 , Adebawo et al. 2015 . Plant/vegetable oils have been applied using a variety of pressure and non-pressure processes (Archer and Lebow 2006) including immersion, dipping, soaking, diffusion processes and vacuum treatment (Ibach 1999) . However, vacuum pressure treatment is most successful method to treat wood. The current study evaluated the wood preservative potential of five plant oils against a subterranean termite Odontotermes obesus under laboratory as well as field conditions.
MATERIALS AND METHODS

Collection of termites
A PVC pipe (7,5cm (dia.) × 37,5cm (length)) was perforated (1,5 cm diameter) on all sides. Corrugated cardboard (100 g) was rolled and put inside the pipe while capped on one end and buried in the termite infested ground, leaving 2,5cm above the ground for access. (Ahmed et al. 2006) . The corrugated cardboards were inspected at regular intervals for termite attack and infested cardboards were wrapped in the plastic bags and brought to the laboratory, for use in the experiments.
Wood species and oils
Defect free logs of Acacia nilotica Wild (Acacia), Dalbergia sissoo Roxb (Rosewood) and Pinus wallichiana A. B. Jacks. (Blue Pine) were purchased from the local timber market. Sapwood and heartwood were visually distinguished and were separated from each other using electric saw. Sapwood as well as heartwood samples were cut into smaller blocks (25 mm x 25 mm x 6 mm, 13 cm x 5 cm x 2 cm or 2 cm × 2 cm × 3 cm). Initial moisture contents of sapwood and heartwood were determined according to method adopted by Ahmed et al. (2014) . Seed oils of jatropha (Jatropha curcas Linn), jojoba (Simmondsia chinensis C.K. Schneid) and linseed (Lignum usitatissimum L.), as well as, foliage oil of, Eucalyptus (Eucalyptus camaldulensis Dehnh) and Neem (Azadirachta indica A. Juss.) (purity >99) were obtained from the commercial market in Faisalabad, Pakistan. The concentrations/dilutions of oil-EtOH (15% v/v) were prepared by using ethanol (95% grade) as solvent (AZ Chemicals (Pvt.) Ltd.). Tested concentration (15%) was selected for these experiments after screening series of concentrations in the previous experiments (Fatima 2015, Fatima and Morell 2015).
Treatment of woods
Conditioned (33 °C; 62 ± 3% RH) and pre-weighed sapwood and heartwood blocks of each wood species were impregnated with 15% concentration of the oil-EtOH solutions of each oil. Wooden blocks were placed into a glass chamber that was filled with 15% oil-EtOH solution. The chamber was evacuated for 10 min then 4bars (400 kPa) pressure was applied for 30 min. The oil impregnated blocks were removed from the glass chamber, excess oil was blotted from the surface and weighed and then specimens were oven dried at 100ºC for 12 hours. Untreated or solvent treated (95% ethanol) wood blocks dried at 100ºC for 12 hours were considered as a control treatment.
Retention of heartwood and sapwood blocks (2×2×3 cm) was measured using method adopted by Liibert et al. (2012) . Impregnation procedure was identical for all wood species and oil solutions as described above. Retention (kg/m 3 ) was calculated using following Equation 1.
where G: (T2-T1) is absorbed solution in sample in kilograms, C is concentration of solution, and V is volume of sample in cubic meters.
Laboratory termite bioassays
Wood weight loss (choice and no-choice tests)
For the no-choice tests, treated and untreated sapwood and heartwood blocks exposed to the termites were arranged in Completely Randomized Design (CRD) using three replications. Each replication consist of three sapwood or heartwood blocks. The blocks (25 x 25 x 6 mm) were subjected to termite attack in previously described apparatus ( Three sapwood or heartwood blocks of one wood species were treated with a given oil were tied together and placed in one chamber as the single choice food for termites while untreated and solvent treated control sapwood or heartwood blocks (3 blocks tied together) were placed in a separate chamber. Sapwood and heartwood blocks of each species were tested separately. A total of 1000 active termite workers and 50 soldiers were released into a central plastic chamber. Experimental units were incubated at (27±2 °C and 85± 5% RH) for 4 weeks. The infested blocks were removed from the chambers and dried at 100ºC for 24 hours, cleaned with a brush and weighed. Weight loss percentage was calculated using following Equation 2 (Ahmed at al. 2014).
Where W 1 is the weight of the block before termite exposure and W 2 is the weight of the block after termite exposure.
For the choice tests, three blocks (sapwood or heartwood) one from each tested wood species treated with each oil were tied together and considered as one replicate. Sapwood and heartwood treated with each oil were tested separately. Untreated/solvent treated sapwood or heartwood blocks were used as control treatment and all treatments were replicated three times. Treated blocks were exposed to termites in chamber for four weeks. At the end of the test period, percent weight loss was determined as described above.
Mortality of termites (choice and no-choice tests)
Blocks (2 cm × 2 cm × 3 cm) of different wood species for both choice and no-choice tests were placed in a glass jar (1 L) filled with sterilized sand (500 g). Treated conditioned and weighed blocks along with untreated/ solvent treated controls were placed on the surface of sand. A total of 200 termite workers and 20 soldiers were released in each jar which were incubated at 27±2 °C and 85± 5% RH for 4 weeks. Live termite were counted at the end of the test period to calculate percent mortality of termites.
Field Bioassays (choice and no-choice tests)
The treatment, arrangement and binding of wooded blocks (13 x 5 x 2 cm) for choice and no-choice tests were similar to those described for the laboratory tests. The exposure of treated and untreated specimens to the termites was arranged in Randomized Complete Block Design (RCBD) using three replications. The treated blocks were subjected to termite attack in underground concrete chamber (Ahmed et al. 2014 , Fatima et al. 2015 for a period of 4 weeks. At the end of the experiment, infested blocks were cleaned, oven dried and weighed to determine weight loss.
Statistical analysis
Weight loss and mortality data in the no-choice test were analyzed using 2-way nested ANOVA with wood type and oil type as factors, assuming blocks as independent variable. However, weight loss data from the choice test were analyzed using a split-plot design with block pairs within each wood type. Termite mortality in the choice test was analyzed using Exact Wilcoxon test. Means of treatments were separated using Tukey HSD test at the 5% level of significance.
RESULTS
Wood weight loss under laboratory conditions
ANOVA revealed the significant interactions among oil type (p<0,001) and non-significant interaction (p>0,05) for the wood type (sapwood and heartwood) in the choice and no-choice tests for A. nilotica wood. Minimum weight losses of sapwood and heartwood were observed after treatment with linseed oil followed by jatropha and jojoba oil at the tested concentration in both tests. Untreated or solvent treated control blocks of sapwood and heartwood of A. nilotica exhibited highest weight losses (>27%). However, weight loss of A. nilotica heartwood after treatment with neem oil differ non-significantly with weight loss of linseed oil treated sapwood and heartwood in choice test. Eucalyptus oil treated sapwood and heartwood showed significantly higher weight losses compared to linseed oil treated wood of this species (Figure 2a ).
Minimum weight losses of D. sissoo were recorded for jatropha and linseed oil treated sapwood followed by heartwood treated with these oils. Resistance of treated wood to termite varies significantly after treatment of different oil (p<0,001), similarly resistance of sapwood and heartwood after treatment with each oil varies significantly (p<0,001). Significantly higher weight losses (>5%) were observed in neem and Eucalyptus oil treated sapwood and heartwood of D. sissoo compared to other tested oils in both tests (Figure 2b) .
Similarly, linseed and jatropha oils were also very effective in protecting P. wallichiana sapwood and heartwood against O. obesus in choice and no-choice tests. Weight losses of P. wallichiana sapwood and heartwood were significantly reduced after treatment with these two oil than other oil treatments. Control blocks of P. wallichiana sapwood and heartwood were significantly more consumed by O. obesus compared to all other treatments. No-significant difference in weight losses of P. wallichiana sapwood and heartwood was observed after each oil treatment (p<0,001) ( Figure 2c ). 
Termite mortality
Termites fed on untreated/solvent treated A. nilotica, D. sissoo and P. wallichiana sapwood and heartwood showed significantly minimum mortality (<15%) in choice and no-choice tests. Maximum mortality was observed when termites were fed on linseed, neem and jojoba oil treated sapwood and heartwood of A. nilotica, D. sissoo and P. wallichiana in both tests and mortality was > 90%. However, significantly lower mortality of termite when fed on A. nilotica and D. sissoo sapwood and heartwood treated with jatropha and Eucalyptus oil was observed compared to other oil treatments in both tests (Figure 3a, Figure 3b and Figure 3c ). Linseed, neem, jatropha and jojoba oil oils were equally retained by A. nilotica sapwood and heartwood and there was significantly lower retention of Eucalyptus oil in both woods. Dalbergia sissoo heartwood and sapwood showed significantly lower retention of eucalyptus and linseed oil compared to other oil treatments ( Figure  4a, and Figure 4b ). Pinus wallichiana sapwood and heartwood showed significantly less resistance against termite when treated with Eucalyptus oil compared to other oil treatments in both tests (Figure 3c ). Neem and eucalyptus oils were retained in significantly lower amounts compared to other oil treatments in this wood species (Figure 4a, Figure 4b ). 
Wood weight loss under field conditions
Oil treated sapwood and heartwood of three species showed significantly minimum weight loss than untreated wood in both tests. Linseed oil treated D. sissoo heartwood showed minimum weight loss (<3%) followed by P. wallichiana and A. nilotica linseed oil treated heartwoods. Weight losses of sapwood of all three species differ non-significantly after treatment with jatropha, jojoba and Eucalyptus oil in both tests (Figure 5a , Figure 5b and Figure 5c ). 
DISCUSSION
The results of present studies demonstrate the preservative potential of various oils to protect three wood species under laboratory and field conditions. The treatments significantly reduced the weight loss and increased termite mortality in both choice and no-choice tests. Linseed, neem, and jojoba oil produced better termite resistance than jatropha and Eucalyptus oil treatments in the laboratory conditions. However, overall all treatments were equally effective in field conditions. Nevertheless, linseed oil showed relatively more protective effect against termite on all wood species. Previous studies also showed similar improvement in termite resistance after vacuum pressure oil application of oils (Koski 2008 , Unsal et al. 2009 , Manalo and Acda 2009 . Kukui oil improved resistance to Coptotermes formosanus (Nakayama and Osbrink 2010) . Neem oil in combination with copper and cashew nut shell liquid produced protection against the termite on rubber wood (Venmalar and Nagaveni 2005) . Neem oil also improved resistance of Triplochiton scleroxylon (Obeche) against termite attack (Thlama et al. 2012) . Ahmed et al. (2014) reported similar results on A. nilotica sap-and heartwoods treated with castor bean oil (R. communis) exposed to O. obesus. Linseed followed by neem oil treated wood showed the highest resistance to termite attack. This result confirmed previous reports where linseed oil treated Japanese cedar (Cryptomeria japonica D. Don) and beech (Fagus crenata Blume) woods showed reduced weight losses against C. formosanus attack (Lyon et al. 2007 , Moyin-Jesu 2010 . Scots pine sapwood impregnated with linseed oil increased resistance against bio-deterioration (Siau 1972 , Van Eckeveld et al. 2001 . Linseed oil heat treated Radiata pine improved resistance against decay fungi and termites (Dubey 2010). Insecticidal and antifeedant properties of Jatropha oil have been reported against a number of insects (Singh and Sushilkumar 2008) . Jatropha oil reduced feeding and increased mortality rate in C. vastator (Acda and Michaud 2009 ). In the current study, this oil was also effective in protecting wood but killed lower number of termites compared to other oil treatments except Eucalyptus oil in choice and no-choice tests. Eucalyptus oil proved to be toxic and repellent to termites (Manzoor et al. 2012) but it provided less resistance to three wood species and killed lower number of termites in both tests compared to other oil treatments. Previous studied shows that this oil is toxicant with contact and digestive toxicity against termites (Nerio et al. 2010 , Alavijeh et al. 2014 . Linseed oil is considered to have no toxic action against wood deteriorating organism but it provided more resistance to all three wood species against termites. One possible mechanism of this oil could be creating hydrophobic barrier that resulted in displacement of water in woods with oil and prevented O. obesus feeding. (Lyon et al. 2007) . The retention of oils justified that wood with high oil retention resisted termites. Oil retention was higher in sapwood of each wood species as compared to corresponding heartwood. Pine sapwood and heartwood had higher oil uptake in comparison with other species (Sidorova 2009 ). There is no comparative evidence of the research conducted on vacuum pressure cold oil application and its effect on oil retention with reference to different wood species. Globally, different researchers to determine retention or weight gain after oil heat treatment of wood have carried out most of the work.
CONCLUSIONS
These results illustrates the benefits of pressure impregnation of wood with plant-derived oils. Treatment with linseed, neem, jatropha and jojoba oil significantly reduced wood weight loss of A. nilotica, D. sissoo and P. wallichiana and increased the termite mortality. 
